Byrieuesi HaHOUMOY IMHHI
B KOMIIO3UTAaX: BJACTHUBOCTI
i 3acTocyBaHHs

NoanHa Bpquo] ,
Mapra ITnouscka-Bxesinbeka’,
. 1 .
Kurirrod Binknep', Jioic Egeroen’

b Ximidmmit iHcTuTyT, binocroupkuii yriBepcuret, [IOJIBIIIA,
Binocrok, Byn. ['yprosa 1, E-mail: mplonska@uwb.edu.pl

% Kadepa xiwmii, Texacpkuii ynisepcuter Enb ITaco, CIIIA,
Texac, 79968, Enb ITaco, 500 W, IOHiBepciTi ABeHto,
E-mail: echegoyen@utep.edu

Manenbki ByrieneBi HaHommOyawman (CNO) — e
chepuyuHi OaraTomapoBi CTPYKTYPH, IO CKIATAIOTHCS 3
6-8 QymayHOBOrO sA/Ipa, SKE OTOYCHE KOHIICHTPUYHUMU
BYIJICLIEBUMH IIapaMH Iopa3 OuLIbIIOro aiamerpy. Y
3B"SI3KY 3 TIOOPUMH CTPYKTYPHUMH, MEXAHIYHUMH 1 EJIEKT-
pouHumu BiactuBocTaMu, CNO MaioTh TNOTeHIiiHEe
3aCTOCYBaHHS SIK KOMIIO3UTHI MaTepiaii, MaTepiany CTik-
Ki JI0 3HOIITYBaHHs, MarHiTHI HOCI1, ONITUYHI 0OMEXKyBadi,
COHSIYHI €JIeMEHTH, €JIEKTPOIY Ul MAIMBHHUX EIEMEHTIB
a00 aBTOEMICIIiHI KaTOqu

VYci ByrieneBi HaHOMartepiaid, Y TOMY YUCIl HaHO-
UUOYITMHY, MAIOTh BEJIUKI MIEPCIEKTUBU BUKOPUCTAHHS SIK
micuiioodi (a3 B KOMIIO3UTHHX CTPYKTYpax, 30Kpema
y TO€NHAHHI 3 mojiiMepaMu. IIomieIeKTpONiTH, SIK Ha-
npukian —momi(mamiiaiMermiamoniit)  (PDDA)  abo
xiro3an (CHIT) yrBOpIoroTh 3 BYIJelEBUMH HaHOIHOY-
JUHAMH  TIOJIMEPHO-HAaHOCTPYKTYpHY MATpHUIO, sKa
MIOCHITIOE BJIACTHBOCTI 000X KOMITOHEHTIB.

[TpuroryBaHHs 1 eIeKTPOXiMiYHI BIACTUBOCTI KOMIIO-
sury, BurorosiaecHoro 3 CNO Tta PDDA a6o CHIT
JIOCIIJPKYBAJIACST METOJIOM IIMKJIIYHOI BOJIBTaMETpii Ta
eNIEKTPOXiIMIYHOI iMIeqaHcHol cnekrpockomii. Kommo-
3UTHI OOOJIOHKM Ha TOBEPXHSIX CKISIHUX BYIJICLIEBHX
€JIEKTPOJIB BiJKJIaJIHCsl METOIOM HAHECEHHS ITOKPHUTTS,
3aCTOCOBYIOYM KpAaIUII0 PO3YMHY 3 BMICTOM CYCIIEH[O-
Banoro CNO Ta HanosHioBa4a , PDDA abo CHIT. Teepami
00O0JIOHKH KOMIIO3UTIB € MEXaHIYHO i EeNEeKTPOXiMIi4HO
CTaOlILHUMU 1 MTOKa3YIOTh Kpallli BIACTUBOCTI EMHICHOTO
omopy, Hik umcti CNO. BOHM BUABISIOTE THIIOBY
€MHICHY TOBEIIHKY 3 HMIMPOKHMMHU MEXaM{ HaIllpyrd BiX
+600 - 600 MB.

[oBepxHs enekTpoaa, MOmUQiIKOBaHa B TaKUi CIIOCIO
NPOSIBIIsiE OAaraTo MOTEHIIWHUX 3aCTOCYBaHb. [I03UTHBHO
3apspkeHi  cTpykrypu  kommosutiB  PDDA/CNO i
CHIT/CNO, moB's3ani 3 TPHUCYTHICTIO 3allOBHIOBaua,
JIO3BOJISIFOTH TPHUTSTYBATH HEraTHBHO 3apsiKeHi cyOCcTpaTy.
3 apyroro OOKy, BelHMKa Ipyna XiMiYHHX areHTIB, 30KpeMa
NPOTEiHM, TTOKAa3YIOTh AJICOPOLIHHY CIIOpiIHEHICTh 3 BYIJIe-
LIEBMM KOMITOHEHTOM. lle poOWTh MOXJIMBHM 3IIHCHIOBATH
CHUMYJIbTaHHE BHIIPOOYBAaHHS Pi3HHX CYOCTaHIIH, HaBITh 3
MIPOTHIICKHUM 3aPsIIOM.
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A novel type of a composite made of small carbon nano-
onions (CNOs) with poly(diallyldimethylammonium chloride)
(PDDA) or chitosan (CHIT) was prepared and its
electrochemical properties were investigated by cyclic
voltammetry and eectrochemical impedance spectroscopy.
Solid composite films were prepared on the glassy carbon
electrode surface by solvent evaporation from drop of solution
containing CNOs with the filler (PDDA or CHIT). They form
relatively porous structures, which exhibit typical capacitive
behaviour, as wel as excellent mechanica and
electrochemical stability over a wide potential window. Better
properties of the PDDA/CNOs and CHIT/CNOs composites in
comparison with pure CNOs are hoped to allow them to be
used in electrochemical sensing. Electrochemical properties of
PDDA/CNOs film in PBS solution were examined and their
ability to dopamine determination was verified. The composite
can be applied not only to determination of a dopaminein a
presence of ascorbic acid (AA) and uric acid (UA), but also let
for simultaneous assays for all three biomoleculesin the same
solution.
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[. Introduction

Carbon materials such as fullerenes, nanotubes, nano-
onions, nanofibers or nanohorns are commonly known
structures, which have generated interest in many areas of
science due to their structural, mechanical and electronic
properties [1-3].

Carbon nano-onions (CNOs) are spherical structures
consisted of a hollow fullerene core surrounded by
concentric and curved graphene layers [4-5]. The small
ones CNOs (6-8 shells) show higher reactivity and
solubility in many solvents than other carbon structures.
These advantages derive from roundness shape,
multilayer construction, small size and defects on the
outer layer of CNOs [6]. Beside this CNOs exhibit good
structural, mechanical and electronic properties, what is
connect with their potential applications as composite
materials, wear-resistant materials or electrodes [7-8].
Additionally easy surface functionalization and non-
cytotoxicity give a spectrum of possibilities to use CNOs
in sensing and biosensing [9].

Composites containing carbon structures could be
useful in determination of many substances. The very
good relation in composites is between polymers and
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carbon structures, because of both sides relative
benefits [10].

Carbon nanotubes are often incorporated into layers of
poly(diallyldimethylammonium chloride) (PDDA) and
chitosan (CHIT) [11-12]. Both materials are positively
charged polyelectrolytes which can bind negatively
charged ions from the supporting electrolyte in solution
[13]. Therefore they exhibit ionic conductivity and
provide an ionic environment for carbon nanomaterials.
Composites of carbon nanotubes with PDDA and CHIT
have been used mainly in the biosensor [12].

The preparation and electrochemical properties of
composite made of CNOs and poly(diallyldimethy-
lammonium chloride) (PDDA) or chitosan (CHIT) were
investigated. Positively charged film of PDDA/CNOs
composite on the electrode surface was used for
electrochemical sensing of dopamine (DA), in the
presence of ascorbic (AA) and uric acids (UA).

[l. Materials and methods

All used chemicals and solvents were commercially
available and used without further purification: chitosan
(low-viscous, Fluka), poly(diallyldimethylammonium
chloride) solution (PDDA, average M,,<100 000, 35 wt%
in water, Aldrich), sulfuric acid (min 95%, Poch S.A.,
Poland), phosphate buffer saline (PBS, pH 7.4, Sigma),
uric acid (minimum 99%, Sigma), dopamine
hydrochloride (3-hydroxytyramine hydrochloride,
Sigma), L-ascorbic acid (99+% A.C.S., Sigma-Aldrich).
Small-CNOs were obtained by annealing nanodiamond
powder (5 nm average particle size) under a positive
pressure of helium at 1650°C for 1 hour.

Voltammetric experiments were performed using a
potentiostat/galvanostat model 283 (EG&G Instruments)
with a three-electrode cell. Electrochemical impedance
spectroscopy measurements were performed on an
AUTOLAB (Utrecht, The Netherlands) computerized
electrochemistry system equipped with the PGSTAT 12
potentiostat and FRA response analyzer expansion cards
with a three-electrode cell. The AUTOLAB system was
controlled with the GPES°4.9 software of the same
manufacturer. A glassy carbon disc (GCE) (diameter 1.6
mm) was used as the working electrode, a counter
electrode was made from platinum mesh (0.25 mm), and a
silver wire was immersed in 0.1 M AgCl and separated
from the working electrode by a ceramic tip served as the
reference electrode. The studied films were imaged by
secondary electron SEM with the use of the S-3000N
scanning electron microscope from Hitachi (Tokyo,
Japan). The accelerating voltage of the electron beam was
either 10 or 20 keV and the working distance was 5 mm.

[1l. Results and discussion

The results of SEM studies of CHIT/CNOs and
PDDA/CNOs films are shown in Fig. 1. The morphology
of the composites differs significantly from the
morphology of thin films formed only by the fillers. At
the micrometre scale, both CHIT and PDDA form smooth
and uniform layers on the gold surface (Figs. 1a and 1d,

respectively). The presence of CNOs results in the
decrease of surface homogeneity. Both composites exhibit
porous morphologies with many channels and
outcroppings. The roughness of the composite surface
decreases with an increasing amount of CHIT and PDDA
in the deposites material.

Fig. 1. SEM images of the Au foil covered with (a) CHIT, (b)
CHIT/CNOs (1.5:1 mass ratio), (c) CHIT/CNOs (6.5: 1 mass
ratio), (d) PDDA, (€) PDDA/CNOs (1:1 massratio), (f)
PDDA/CNOs (4.5:1 massratio)

Fig. 2 shows a comparison of the electrochemical
properties of CHIT/CNOs (Fig. 2a), and PDDA/CNOs
(Fig. 2b) films. In both cases, the amount of the CNOs in
the film was the same. All films exhibit typical
capacitance behaviour. The voltammograms show almost
pseudo-rectangular cathodic and anodic profiles, the
characteristic behaviour of an ideal capacitor. Moreover,
multiscan CV curves for these films are stable. The
potential can be cycled between +600 and -600 mV
without any noticeable change in the shape of the
voltammogram.
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Fig. 2. Cyclic voltammograms of GCE (1.6 mm diameter)
covered with (a) CHIT/CNOs (1.5:1) and (b) PDDA/CNOs (1:1)
in 0.1 M H,S0,. The sweep rate of 100mv/s
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Electrochemical impedance spectroscopy (EIS) was
also employed to study the redox properties of the
CHIT/CNOs and PDDA/CNOs films. Fig. 3 shows the
EIS results obtained for different film compositions of
both composites. The impedance spectra of both materials
display the expected shape for the double-layer charging
porous electrodes.
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Fig. 3. (&) Complex-planeimpedance plotsfor GCE covered
with (1) CHIT/CNOs (1.5:1) and (2) CHIT/CNOs (6.5: 1)
in 0.1 M H,S0, at 200 mV. (b) Complex-plane impedance plots
for GCE covered with (1) PDDA/CNOs (1:1) and (2)
PDDA/CNOs (4.5:1) in 0.1 M H,SO4 at 600 mV. Frequency
was in the range of 10 kHz to 100 mHz. Solid curves represent
simulated data. The inset in panel b shows plot obtained
for thicker 50 [1m PDDA/CNOs (4.5:1) film

Fig. 4. Equivalent dectric al circuit representing behaviour
of Th CHIT/CNOs and PDDA/CNOs filmelectrodein an
electrolyte solution

The Z¢Z2? spectrum exhibits diffusion-controlled
behaviour at the higher frequencies, which represents
diffusion processes of the counterions in the polymer
mass, and capacitive behaviour at the low frequencies.
The cross-over between these two domains occurs at
about 1 Hz for the CHIT/CNOs and at 2.5 Hz for

PDDA/CNOs. At high frequencies a small loop in the
Nyquist plot is seen and this effect is more pronounced
for the thicker films (inset Fig. 3b). This loop can be
attributed to the contact resistance between the electrode
and the current collector in the composite.

Therefore, the equivalent circuit shown in Fig. 4 was
proposed to describe the electrochemical behaviour of
CHIT/CNOs and PDDA/CNOs composites. This
equivalent circuit consist of a solution resistance (Ry), a
constant phase element (CPE), that represents the double-
layer capacitance (Cq) connected in parallel to the
resistance at the electrode/composite interface (R), and
the Warburg impedance (W). The Warburg impedance
represents a transport of counterions through the film
during its charging.

Fig. 5. (a) Determination of DA different concentrations:
(1) 05,21, (3) 2 (4 3, (5 4 mM by DPV methods on
PDDA(0.5% wt. CNOs (3 mg/ml) modified GCE
in 0.01 M PBS solution. (Inset: corresponding calibration).
Parameters: E: 0.004 V; Amplitude: 0.05 V; Pulse width:
0.05s, Pulseperiod: 0.2s

Fig. 6. Determination of 3 mMM: DA, AA, and UA by cyclic
voltammetry method on PDDA(0.5% wt. CNOs (3 mg/ml)
modified GCE in 0.01 M PBS solution.

The sweep rate was 100mV/s

Electrode surface modified in such way demonstrates
many potential apllication in sensing. The electrochemical
determination of dopamine (DA) in the presence of
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ascorbic and uric acids (AA and UA) on the PDDA/CNOs
modified electrode on the PDDA/CNOs modified
electrode were performed. In order to examine the
voltammetric determination of the PDDA/CNOs
composites to dopamine, we have performed the detection
of the different concentrations of the analyte. Since the
charging current contribution to the background current is
a limiting factor in the analytical determination of
electroactive species, experiment was performed using the
differential pulse voltammetry (DPV). The oxidation peak
current was measured in a 0.01 M pH = 7.4 PBS solution,
and plotted against the bulk concentration of DA after
background substraction (Fig. 5). According to the
calibration curve (Inset Fig. 5), the dependence of the
peak current on the concentration of DA is in a linear
relationship in the range of 5-10 - 3-10” M.

The electrochemical determination of a dopamine in
the biological samples causes problems connected with
the presence of ascorbic and uric acids usually in large
excess compared to the dopamine concentration. At
unmodified electrode surface three compounds are
oxidized at almost the same potential. The oxidation of
AA, DA, and UA at the PDDA/CNOs composite
electrode, are observed at 110, 380, and 510 mV vs
Ag/AgCl, respectively (Fig. 6), what gives sufficiently
good peaks separation. The separation of DA and AA
analytical signals is based on electrostatic attraction of
negatively charged AA to the positively charged
composites (PDDA), which lead to the large negative
shift to the voltammetric peak. The oxidation process of
UA is almost in the same range as DA, and overlapped it.

Conclusion

PDDA/CNOs and CHIT/CNOs films show better
mechanical and capacitance properties than pure CNOs.
Therefore, they are promising materials for charge storage
applications and ongoing studies will explore these and
other properties of these composites.

A novel PDDA/CNOs composite was used for a
selective determination of DA with the coexistence of AA
and UA. Electrochemical sensing was investigated by
cyclic voltammetry and DPV methods. The resulting
PDDA/CNOs possesed a faster adsorption dynamics and
higher selectivity for DA than the non-modified electrode.
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